F RCs provide the architectural framework supporting lymphoid tissues. In lymph nodes (LNs), FRCs deposit and ensheathe organized bundles of collagen fibers to form an intricate network extending from the subcapsular sinus to high endothelial venules (HEVs) and efferent lymphatics 1,2 . The anatomy of these structures allows for two functionally distinct compartments. The reticular network surface, comprised of interconnected FRC cell bodies, facilitates leukocyte attachment, cellular interactions and directional migration of leukocytes within the LN parenchyma, and is essential for lymphocyte homeostasis and the initiation of adaptive immune responses 3-8 . In contrast, the inner collagen core of the reticular network has been described as a conduit network, directing flow of lymph from the sinus into the LN parenchyma 1 . However, the functional and biological relevance of this latter aspect of the reticular network is less well established.
responses has not been addressed experimentally. So far, no models exist in which to interrogate lymph node function in the absence of conduits, nor have any physiological means of altering afferent lymph flow been developed, although surgical manipulation of upstream lymphatics has been reported [15] [16] [17] . Interestingly, LNs that have been surgically deprived of afferent lymph have been reported to exhibit a gradual 'flattening' of the HEV, loss of Glycam1 expression on the vascular endothelium and a corresponding decrease in lymphocyte immigration. However, the specific contribution of conduitmediated lymph flow to this phenomenon cannot be ascertained, as surgical deprivation of afferent lymph additionally impacts cellular migration of antigen-experienced DCs from upstream tissues.
Here, we identify and describe FRC conduit networks in the intestinal PPs. Unlike lymph nodes, PPs lack a conventional source of afferent lymph that would normally contribute fluid flow through the conduit network. Instead, PPs are located at the interface of the intestinal lumen and directly sample lumenal contents, as opposed to lymph-borne materials. As with other regions of the intestine, the PP dome is lined with an absorptive epithelium that facilitates fluid transport through the establishment of local osmotic gradients. Here, we demonstrate that fluid absorbed in this manner enters a network of conduits that conduct the flow of fluid throughout the PP follicle and interfollicular regions. Additionally, we provide evidence that prolonged disruption of fluid flow through PP conduits, or loss of FRC responsiveness to conduit flow via the mechanosensitive ion channel Piezo1, led to profound alterations to homeostatic lymphocyte recruitment to the PP and a reduced capacity to mount mucosal antibody immune responses. Articles NaTuRe ImmuNoLogy stromal components in the small intestinal PP reveals that these lymphoid organs are supported by an intricate network of collagenrich reticular fibers, structurally similar to the conduit network found in lymph nodes (Fig. 1) . These fibers extend from the subepithelial dome and project into both the B cell follicle and interfollicular regions. Scanning electron micrographs of alkali-water macerated PPs reveal that these reticular fibers emerge directly from the disorganized meshwork of collagen overlying the PP dome, and eventually terminate directly along the blood vasculature ( Fig. 1a ). As with LN conduits, PP reticular fibers are ensheathed by a basement membrane and an interconnected network of FRCs, identified by expression of perlecan and podoplanin (PDPN), respectively (Fig. 1b,c) .
Results
A functional hallmark of LN FRC conduits is the ability to direct lymph flow from the lymph node sinus into the dense parenchyma of the cortex and paracortex, additionally facilitating delivery of soluble signaling molecules and antigen. The PP conduit network appears to perform a similar function, although drawing in fluid absorbed from the intestinal lumen in place of afferent lymph. Fluid uptake through PP conduits is identifiable through oral administration of soluble fluorescein isothiocyanate (FITC). Within 2 h of gavage, FITC was detectable throughout the PP and selectively localized within the collagen-rich core of the conduit network ( Fig. 1d ).
High-magnification confocal imaging additionally confirmed that FITC-bearing conduits interface with blood vessels in the interfolliclular region of the PP (Fig. 1e ). Moreover, FITC signal is detectable along the blood vessel wall, suggesting a path of directional fluid flow from the intestinal lumen to the PP vasculature mediated by the PP conduit network. Together, these data demonstrate a functional reticular network of conduits supporting the intestinal PP. These conduits exhibit physical characteristics similar to those previously described in LNs, but uniquely function to facilitate fluid flow originating from the overlying intestinal epithelium as opposed to afferent lymph. Scale bar: 0.5 μm. d, Multiphoton microscopy of a PP from a VillinCre-SSB-BFP mouse after oral gavage with soluble FITC and counterstained with anti-EpCAM1. IF, interfollicular region; F, follicle; Ep, epithelium. Scale bar: 50 μm. e, Multiphoton microscopy of a PP HEV. The mouse underwent oral gavage with soluble FITC and the HEV were stained by in vivo labeling with anti-MAdCAM before perfusion fixation. Data representative of images taken from at least two (a-c) or three (d,e) independent experiments.
Perturbation
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NaTuRe ImmuNoLogy absorption across the intestinal epithelium, a process that is tightly regulated by maintenance of local osmotic gradients through ion transport ( Fig. 2a ). The functional consequences of perturbed conduit fluid flow in the PP can thus theoretically be addressed by means of blocking fluid absorption. Here, disrupted fluid absorption was achieved by two mechanistically distinct treatments-first, by administration of a 10% solution of a high molecular weight polyethylene glycol (PEG) in drinking water, and second, by oral gavage with amiloride hydrochloride. PEG is a nonabsorbable, nonmetabolized osmotically active substance that increases the osmolarity of ingested fluid and promotes its retention in the intestinal lumen ( Fig. 2b) . By contrast, amiloride selectively disrupts the function of epithelial Na + /H + exchangers, thereby preventing the establishment of sufficient osmotic gradients for directional water transport ( Fig. 2c ). Both models of disrupted fluid absorption were found to restrict fluid uptake into PP conduits, as visualized by uptake of soluble FITC after gavage ( Fig. 2d-f ). Under these conditions, we were thus able to examine the state of PP structure and function in the absence of conduit-mediated fluid flow. Impaired fluid absorption disrupts HEV structure. Extended treatment of mice with PEG in drinking water for a period of up to 3 d does not result in gross changes to the overall architecture or total numbers of FRCs ( Supplementary Fig. 1a ), suggesting that fluid flow is not necessary for the maintenance of the FRC network itself. However, treatment with PEG for periods beyond 1 week resulted in a specific decrease in blood endothelial cell (BEC) numbers, including endothelial cells (ECs) of the PP HEV, identified by expression of mucosal addressin cell adhesion molecule 1 (MAdCAM1) ( Supplementary Fig. 1b ).
Changes to HEV EC cell numbers is preceded by a striking alteration in HEV structure. An intact PP HEV is structurally comprised of MAdCAM-expressing endothelium closely encircled by a ring of perivascular FRCs (Fig. 3a,c) . Confocal imaging of the PP HEV following a 3-d treatment period with PEG revealed an apparent disruption in the normally continuous perivascular FRC ring, and a quantifiable decrease in contact points between perivascular FRCs and HEV ECs (Fig. 3a) . These structural alterations are also apparent by high-magnification transmission electron microscopy (TEM) of the PP HEV, which show distinct points of separation between the HEV ECs and the surrounding basement membrane (Fig. 3b ). Interestingly, these TEM images additionally revealed an apparent dearth of leukocyte interactions with the vascular endothelium, as few cells were found either attached to the HEV lumen or within HEV pockets. This latter observation suggests a potential functional deficiency in HEV-mediated leukocyte immigration corresponding to perturbations in HEV structural integrity. In total, these data suggest that the absence of directional conduit flow disrupts the alignment of perivascular FRCs along the HEV (Fig. 3c ).
Impaired fluid absorption disrupts lymphocyte recruitment.
HEVs are the main port of entry for naïve recirculating lymphocytes Articles NaTuRe ImmuNoLogy to lymphoid organs. Concurrent with the observed PEG-induced changes to HEV structure was a significant decrease in naïve lymphocyte recruitment to PPs. Adoptive transfer of splenocytes to either PEG-or amiloride-treated recipient mice revealed a significant reduction in lymphocyte accumulation in PPs 1 h after transfer, relative to untreated control recipients ( Fig. 4a ). In contrast to PPs, recruitment of transferred lymphocytes to mesenteric LN (MLN), inguinal LN (ILN) and spleen remained normal. Additionally, equal ratio cotransfer of lymphocytes from control and PEG-treated donors to untreated recipients revealed no lymphocyte-intrinsic deficiency in homing to PPs (Fig. 4b) . Rather, the defect in lymphocyte homing originates from the PP tissue environment itself. Confocal imaging likewise revealed significantly fewer total lymphocytes accumulating within the PPs of PEG-treated recipients. Notably, these data also revealed a quantifiable reduction in lymphocytes found to be in direct contact with an HEV (Fig. 4c ). However, this change was proportional to the reduction in total immigrating lymphocytes. Together, these observations suggest that there may be a deficiency in the initial interaction between lymphocytes and HEVs, leading to fewer total immigrating lymphocytes, but that the subsequent stages of lymphocyte extravasation and motility within PP tissue is not negatively affected.
Inefficient lymphocyte homing to the PPs eventually culminated in a roughly 2-3-fold decrease in total lymphocyte cellularity within 3 d of disrupted intestinal fluid absorption ( Fig. 4d ). Both B and T lymphocytes were affected equally ( Supplementary Fig. 2a ). Additionally, alteration to PP cellularity was limited to recirculating lymphocyte populations, as the numbers of resident myeloid cell subsets were similar to untreated controls ( Supplementary Fig. 2b ). Pretreatment of mice with the S1PR1 agonist FTY720, which limits lymphocyte recirculation and promotes retention in lymphoid tissues, effectively reversed PEG-or amiloride-induced alterations to PPs ( Supplementary Fig. 2c ). These data further suggest that regular trafficking of recirculating lymphocyte populations through intestinal PPs is affected by prolonged disruption of fluid absorption.
Interestingly, while we have observed no changes to the recruitment of adoptively transferred lymphocytes to lymph nodes, total cell numbers of the MLNs and ILNs increased within 3 d of PEG or amiloride treatment ( Fig. 4d ). Increases to LN cellularity may be secondary to the loss of efficient lymphocyte homing to the PPs, or alternatively may result from unexpected systemic alterations associated with PEG or amiloride treatments, such as dehydration. Restoring mice to normal drinking water following PEG treatment effectively reversed the altered LN and PP cellularity within just 12 h ( Supplementary Fig. 3a ). However, subcutaneous administration of fluids failed to rescue PEG-or amiloride-induced alterations to cellularity ( Supplementary Fig. 3b ). These data suggest that altered PP and LN cellularity following blockade of fluid absorption is not a consequence of dehydration. Rather, the process of fluid uptake via the oral route appears to be necessary for maintaining normal patterns of lymphocyte migration and homeostasis. Impaired lymphocyte rolling on the HEV. Lymphocyte ingress across HEVs to lymphoid tissues is a multistep process, which involves, first, selectin-mediated capture and rolling along the vascular endothelium, followed by integrin-and chemokine-mediated firm arrest and transmigration through endothelial cell junctions. Intravital multiphoton imaging of PPs following adoptive transfer of labeled lymphocytes revealed a near-complete absence of lymphocyte rolling events on the HEV lumen of mice treated with PEG or amiloride (Supplementary Videos 1 and 2). By contrast, several lymphocyte rolling and adhesion events were identifiable within the HEVs of control mice (Supplementary Video 3).
Lymphocyte rolling in intestinal PPs is largely mediated through interaction between MAdCAM1 expressed by HEV ECs, and either l-selectin or the integrin α 4 β 7 on recirculating lymphocytes 18 . Similar to treatments with PEG or amiloride, intravenous administration of a MAdCAM1-blocking antibody eliminated lymphocyte rolling events on the HEV (Supplementary Video 4). Moreover, anti-MAdCAM1 treatment limited short-term lymphocyte accumulation in the PPs, but not in LNs (Fig. 5a ), and anti-MAdCAM1 blockade over the course of 3 d resulted in an overall decrease in PP lymphocyte cellularity that was comparable to that seen following PEG and amiloride treatment ( Fig. 5b) . Combining PEG and anti-MAdCAM treatments did not result in an additive decrease to either short-term accumulation of circulating lymphocytes or overall cellularity in the PP (Fig. 5a,b ). As such, we consider the possibility that these treatments are mechanistically redundant. 
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Despite noticeable changes to HEV structure following a 3-d treatment with PEG, RNA-seq analysis of flow cytometry-sorted HEV ECs and FRCs at this time point revealed few significant alterations in the transcriptional profile. Notably, HEV EC expression of genes encoding key adhesion molecules involved in lymphocyte capture and recruitment, including Madcam1, was not significantly altered ( Fig. 5c ). Likewise, PP FRCs, which direct lymphocyte migration across HEVs, showed no significant alteration in transcript abundance for any known chemotactic signal involved in lymphocyte homing to the PP, including Ccl19, Ccl21, Cxcl12 and Cxcl13 (data not shown).
While transcriptional expression of Madcam1 appears to be unaffected by altered PP conduit flow, there was a striking difference in the amount of MAdCAM1 protein exposed on the luminal surface of HEVs. Lumenally exposed MAdCAM was specifically visualized by a short pulse of anti-MAdCAM1 (MAdCAM 488) delivered intravenously to control and PEG-treated animals. Substantially less in vivo labeling with anti-MAdCAM1 was observed in PEGtreated animals relative to control ( Fig. 5d ). Quantification of the percentage of lumenally exposed MAdCAM1 was performed by comparing in vivo labeled anti-MAdCAM1 (MAdCAM-488) signal to total anti-MAdCAM1 (MAdCAM-PE, visualized by post-fix staining; PE, phycoerythrin). Under normal conditions, nearly all MAdCAM1 was exposed on the lumenal surface of HEVs. By contrast, this frequency drops to roughly 60% following PEG treatment ( Fig. 5e ). These data suggest that localization of MAdCAM1 protein, but not transcriptional expression, is altered in the absence of conduit fluid flow.
Blockade of fluid absorption impairs mucosal antibody responses.
Access of lymph-borne material to the conduit network of lymph nodes is restricted to soluble molecules below a molecular weight cutoff of roughly 70 kDa (ref. 13 ). Interestingly, this cutoff does not apply to molecules locally produced or directly injected 
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into the LN itself, indicating that the physical properties of conduits themselves are not limiting 19 . Rather, size selectivity in LN conduits is a property conferred by sinus-lining endothelial cells, which contain transendothelial channels physically gated by fibrils formed by the glycoprotein PLVAP 20 .
In contrast to LN conduits, the conduit network of PPs is not covered by these sinus-lining endothelial cells, but rather a monolayer of absorptive epithelium and microfold cells (M cells). The extent to which soluble antigen may access the PP conduit network, whether this access is size selective and the impact of this mode of antigen transport on mucosal immune responses has not previously been examined. To address this question, we co-administered a small 14-kDa hen egg lysozyme (HEL) antigen labeled with Alexa Fluor 488 (HEL-488) and a large 250-kDa HEL labeled with phycoerythrin (HEL-PE) to the lumen of explanted intestinal loops. Confocal imaging of the PPs revealed that the 14-kDa HEL (HEL-488) rapidly penetrates the PP dome and tracks along the FRC conduit network, while HEL-PE primarily remained near the epithelial surface and appeared instead to be carried into the PP follicle by myeloid cells (Fig. 6a ). These data suggest that, as with LNs, conduit-mediated antigen transport within intestinal PPs appears to be limited to small molecular weight molecules.
To examine the immunological role of conduit-mediated antigen transport in PPs, PEG-treated and control mice were orally immunized with two nitrophenyl (NP)-haptenated protein antigens of differing molecular weights: 14 kDa NP-conjugated HEL (NP-HEL) and 150 kDa NP-conjugated chicken gamma globulin (NP-CGG). Given the size exclusivity of molecular transport through the PP conduit network, PEG-mediated blockade of fluid absorption and conduit flow should alter the route of intrafollicular transport for NP-HEL, while transport of the much larger NP-CGG should be absent from PP conduits in both PEG-treated and control immunized mice. Following immunization, anti-NP fecal IgA titers were reduced in mice that had been concurrently treated with PEG to impair PP conduit flow (Fig. 6b ). Interestingly, 
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NaTuRe ImmuNoLogy however, antibody responses to NP-HEL and NP-CGG were equally affected by treatment with PEG. Thus, while limitations in conduit flow can impact antigen-specific humoral responses in the PP, this is not necessarily a consequence of alterations in the mode of antigen transport. Total fecal IgA titers were likewise found to be lower in mice treated with PEG over the course of 2 weeks relative to control mice (Fig. 6c ), and these mice exhibited a decrease in baseline germinal center (GC) cell activity (Fig. 6d ). Under normal conditions, PPs exhibit continuous ongoing GC reactions regulated by an extensive network of follicular dendritic cells (FDCs). FRC interactions with FDCs have previously been noted in the context of antigen transport by LN conduits, and as PP conduits extend into the B cell zone of the PP, we considered the possibility that disrupted conduit flow may impact the FDC network or GC activity 9, 21 . While GC activity was significantly decreased, the PP FDC network appeared structurally normal (Fig. 6e ). Together, these data suggest a more general decrease in immune responsiveness to mucosal antigen when conduit flow is disrupted.
We speculate that this reduction may be a direct consequence of impaired homeostatic recruitment of naïve lymphocytes to the PP following loss of conduit flow to the HEV. As previously established, anti-MAdCAM treatment directly impacts lymphocyte recruitment to the PP in a manner similar to PEG or amiloride treatment, but does so without any additional effects that might be associated with perturbed fluid absorption. We thus tested antigen-specific antibody responses in mice treated with anti-MAdCAM1 blockade during oral immunization. Under these conditions, mice exhibited fewer NP-specific B cells in the intestinal lamina propria (Fig. 6f,g) , as well as a reduction in anti-NP IgA titers relative to control animals (Fig. 6h) . Moreover, this reduction in antibody response was similar to that seen in mice immunized during PEG treatment. In total, these data suggest that the amplitude of PP-derived mucosal immune responses is affected by the state of PP lymphocyte cellularity. 
Piezo1 confers responsiveness to conduit flow in PP FRCs.
Mechanical cues associated with directional fluid flow may be necessary for proper orientation of the HEV and surrounding perivascular network of FRCs. Previous reports have demonstrated that vascular integrity may depend on expression of the mechanosensitive ion channel Piezo1 by endothelial cells, which confers morphological responsiveness to the sheer force exerted by vascular flow 22, 23 . While PP conduits terminate at the ablumenal surface of HEVs, disrupted conduit-mediated fluid flow is unlikely to appreciably alter the rate of vascular flow or EC responsiveness. However, we find that FRCs likewise express Piezo1 transcript, although at lower abundance than HEV ECs, and thus we examined the possibility that FRCs may be similarly responsive to conduit-mediated fluid flow via Piezo1 signaling ( Supplementary Fig. 4a ).
Conditional Piezo1-deficient mice were generated by crossing mice expressing Cre recombinase directed by the Ccl19 promoter 
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(Ccl19cre) with mice expressing homozygous loxP sites around exons 20-23 of Piezo1 (Piezo1 fl/fl ); hereafter referred to as Ccl19-P1cKO ( Supplementary Fig. 4b ). Importantly, specificity of Cre recombinase activity was tracked by alternatively crossing Ccl19cre mice with a ROSA26-eYFP reporter mouse, and found to be largely restricted to PDPN-expressing stromal cells, with almost no expression in either lymphatic endothelial cells (LECs) or BECs ( Supplementary Fig. 4c ). In contrast to the LN, a significantly smaller proportion of PDPN + CD31cells isolated from PPs exhibit Ccl19 reporter activity. However, these cells readily expand in culture and exhibit typical FRC morphology, and transcriptional expression of Piezo1 was significantly ablated in culture-expanded FRCs isolated from Ccl19-P1cKO mice ( Supplementary Fig. 4d,e ).
Confocal imaging of PPs from these mice exhibited eYFP signal localized to PDPN + FRCs within the PP follicle and interfollicular region ( Supplementary Fig. 5a ). Additionally, we found clear reporter expression in FRCs surrounding the HEV, but no expression in HEV ECs ( Supplementary Fig. 5b ). By contrast, minimal eYFP signal was found within RANKL + marginal reticular cells (MRCs) located in the subepithelial dome. Previous reports have suggested that FDCs may express low levels of Ccl19 and have demonstrated variable levels of Ccl19cre activity within the PP FDC network 24, 25 . Here, we find that, while the majority of the FDC network, identified as complement receptor-positive (CR1/CR2 + ), was negative for reporter expression, a small subset of FDCs near the FRC-FDC interface may in fact be positive for eYFP expression, and thus we cannot rule out the possibility that FDCs may also be partially targeted in these mice.
LNs and PPs develop normally in these mice, and the stromal cell composition was largely unchanged relative to Ccl19cre -Piezo1 fl/fl (wild type, WT) controls ( Supplementary Fig. 6a ). However, as with PEGtreated animals, we found that conditional ablation of Piezo1 resulted in visible structural aberrations of the HEV-associated perivascular FRCs (Fig. 7a) . Additionally, expression of MAdCAM1 exposed on the lumenal surface of the HEV endothelium was found to be significantly reduced in Ccl19-P1cKO mice relative to controls, suggesting a potential link between HEV polarization and Piezo1-mediated sensation of conduit fluid flow in HEV-supporting FRCs (Fig. 7b ). In contrast to the HEV, LYVE1 + efferent lymphatics, along with the FRCs that interface with these vessels, appeared structurally normal in both PEG-treated and Ccl19-P1cKO mice ( Supplementary Fig. 6b ).
As with PEG-treated mice, alterations to HEV structure in Ccl19-P1cKO mice were associated with reductions in lymphocyte recruitment to the PPs in Ccl19-P1cKO, as well as a cumulative decrease in overall lymphocyte cellularity (Fig. 7c,d) . This perturbation in lymphocyte recruitment affected both naïve circulating B cell and T cell populations ( Supplementary Fig. 6c ). Interestingly, Ccl19-P1cKO mice also exhibited increases to lymph node cellularity in a manner similar to that observed following PEG or amiloride treatment, despite LN FRCs expressing similar baseline levels of Piezo1 transcript to PP FRCs (Fig. 7c,d and Supplementary Fig. 6d ). This suggests that LN FRCs may not rely on Piezo1 to support homeostatic maintenance or accumulation of lymphocytes to LNs. Finally, oral immunization of Ccl19-P1cKO mice against NP-CGG resulted in less potent mucosal IgA responses as compared to wildtype controls. Fewer NP-specific B cells were present in the intestinal lamina propria (Fig. 7e,f) , and NP-specific fecal IgA titers were significantly lower (Fig. 7g) .
Cumulatively, these data suggest that mechanosensation of conduit-mediated fluid flow via Piezo1 contributes to the proper alignment of PP FRCs, particularly at the site of FRC-HEV interaction where conduits terminate along the vessel's ablumenal surface. Loss of Piezo1 signaling within Ccl19-expressing stroma of PPs results in structural aberrations at HEVs, impaired recruitment and accumulation of lymphocytes to PPs, and a reduced capacity to establish mucosal antibody response against antigen.
Discussion
Various descriptions of the reticular network functioning as a conduit for the transport or distribution of soluble material have been reported over the last several decades 1, [26] [27] [28] , leading to speculation of immunologically important roles for conduit-mediated transport of chemokines and antigen [9] [10] [11] [12] [13] [14] . However, exploration of LN conduit networks thus far has been largely restricted to interpretation of in situ imaging, and thus our understanding of conduit networks remains purely descriptive. It has proven far more challenging to examine experimentally the biological importance of conduits and conduit-mediated fluid transport.
So far, the only means of effectively depriving a LN of conduit flow relies on the surgical ligation of afferent lymph vessels-a process that deprives LNs not only of lymph flow and lymph-borne soluble mediators, but also of tissue-derived migrating DCs as well [15] [16] [17] . Thus, the specific contributions of disrupted conduit flow cannot be definitively established by this experimental approach. Here, we sought to gather insight into the biological importance of fluid flow through a reticular conduit network supporting intestinal PPs, which is uniquely linked with the process of epithelial fluid absorption and thus more experimentally pliable than that of LN conduits. Following prolonged disruption of intestinal fluid absorption, we found that the PP HEV structure is perturbed and lymphocyte recruitment and cellularity decrease substantially. While disruption of fluid absorption negatively impacts lymphocyte recruitment to PPs, we also noted a surprising increase in cellularity of LNs. This increased LN cellularity may result from a redistribution of circulating lymphocytes, which might otherwise accumulate in the PP.
Interestingly, these HEVs also exhibited a decrease in the display of MAdCAM1 at the vascular lumen, but few alterations to transcriptional profile, suggesting an alteration to endothelial polarization rather than impaired HEV differentiation. FRCs, which line the conduit network and interface with the HEV, likewise exhibit few transcriptional alterations. However, evidence that both FRCs and HEVs may be functionally and morphologically affected by the mechanical force exerted by fluid flow have been previously reported 22, 23, 29 . Mechanosensation of vascular fluid flow by ECs, for instance, has been attributed to expression of Piezo1. Here, we examined the impact of Piezo1 signaling specifically in Ccl19-expressing stromal cells, which consist primarily of FRCs and a small subset of FDCs, to determine whether these cells similarly sense and respond to conduit-mediated directional fluid flow. Indeed, we found many alterations to PP homeostasis that closely resemble the effects of PEG-or amiloride-induced perturbations in fluid absorption and thus suggest that expression of Piezo1 by PP FRCs confers responsiveness to conduit-mediated fluid flow in the PP.
These alterations to lymphocyte trafficking demonstrate the functional importance of conduit networks for the homeostatic maintenance of lymphoid tissues. However, we have additionally demonstrated that blockade of fluid absorption and directional conduit flow negatively impacts the amplitude of antigen-specific mucosal IgA responses. A role for conduit-mediated transport of IgM antibodies secreted locally in the lymph node has recently been demonstrated, suggesting that conduit transport may be a key contributor to antibody responses 19 . Conduits in the PP may likewise contribute to the export of locally produced antibody. However, we additionally observed a decrease in PP GC activity, as well as decreases in the number of antigen-specific B cells in mice orally immunized against NP-haptenated protein. These data suggest that loss of conduit flow impacts the initiation of B cell responses as well.
The mechanistic link between PP conduit flow and initiation of B cell responses is not entirely clear. It has also been proposed that conduits may contribute to immune responses, by providing an alternative route for the transport of antigen. However, we found no evidence Articles NaTuRe ImmuNoLogy that the size of antigen or its transport through PP conduits impacts the resulting immunological response. It is additionally possible that alteration of the FDC network, which may intersect with the conduit network, may be a contributing factor to altered mucosal responses following impaired conduit flow 21 . While we have not observed any clear alterations to the size or structure of the FDC network, the function of FDCs in this context may warrant future investigation.
An alternative explanation for decreases in IgA responses following blockade of fluid absorption is that impaired lymphocyte recruitment to the PP restricts the pool of naïve lymphocytes locally available to respond to antigen. Previous studies quantifying the primary immune B cell and T cell precursor populations have demonstrated a striking correlation between the size of an antigen-reactive precursor population and the amplitude of primary immune responses to cognate antigen on immunization-the larger the naïve precursor population, the more robust the primary adaptive immune response [30] [31] [32] [33] . By extension, the total number of antigen-reactive naïve B cells available in the PP at the time of immunization may directly influence the amplitude of resultant immune responses. In line with this concept, the effects of impaired fluid absorption on mucosal antibody responses can be largely recapitulated in mice treated systemically with anti-MAdCAM or in Ccl19-P1cKO mice, wherein lymphocyte cellularity of the PP is reduced, but fluid absorption and conduit flow are normal. The clear shift in lymphocyte population distribution away from the PPs and towards LNs might therefore broadly impact the nature of the immune responses an individual may be prepared to elicit.
Cumulatively, we have shown that the PP conduit network plays an integral role in supporting PP immune homeostasis. The loss of conduit flow not only impacted lymphocyte recruitment and PP cellularity, but also culminated in decreased capacity to mount mucosal immune responses. Due to the unique link between PP conduit flow and intestinal fluid absorption, we anticipate that these processes may be particularly relevant when considering conditions characterized by fluid malabsorption, such as inflammatory or infectious diarrheal diseases and chronic laxative use. Ultimately, the contribution of fluid absorption and PP conduit fluid flow within the greater context of mucosal health and disease should be a topic a great interest for future investigation.
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We thank the members of the Carroll laboratory and the Turley laboratory for comments and suggestions on the study. We thank B. Ludewig (Kantonsspital St. Gallen) for Articles NaTuRe ImmuNoLogy Methods Mice. Experiments were performed in C57BL/6 mice unless otherwise indicated. C57BL/6J mice, VillinCre mice (021504) and Piezo1 fl/fl mice 34 (029213) were purchased from Jackson Laboratories. Rosa26-SSB-BFP mice were generated in the laboratory and previously described 35 . VillinCre mice were crossed to the Rosa26-SSB-BFP line to generate VillinCre-SSB-BFP mice. Ccl19Cre mice were obtained from B. Ludewig (Kantonsspital St. Gallen) and have been previously described 36 . Ccl19-P1cKO mice were generated by crossing Ccl19cre +/− heterozygous mice with Disruption of fluid absorption. Fluid absorption was disrupted by one of two treatments: (1) PEG was administered to mice ad libitum through drinking at a concentration of 10% (w/v) for a duration of up to 2 weeks, depending on the experiment, or (2) mice were orally gavaged with amiloride (0.1 mg kg −1 ) once daily for up to 3 d, depending on the experiment.
Immunohistochemistry and confocal microscopy. Isolated tissues were fixed in 4% paraformaldhehyde (PFA) for 4 h and placed in 30% sucrose until saturation. Tissue was embedded in OCT (optimal cutting temperature) medium, frozen and cut into 20-μm sections. Sections were stained and imaged using an Inverted Olympus IX 81 confocal microscope.
Intravital imaging by multiphoton microscopy. Mice were anesthetized by inhalation of isoflurane and maintained at physiological temperature with a closed-circuit, heated-water circulation system. A small loop of intestine was exposed from the anesthetized mouse and immobilized on a heated stage. 5-Chloromethylfluorescein diacetate (CMFDA)-labeled naïve lymphocytes were adoptively transferred, and the blood vasculature was illuminated by intravenous injection with fluorescently labeled vascular-impermeable Qdots (Thermo Fisher Scientific, Q21031MP). Under these conditions, the exposed Peyer's patch can be imaged for a period of at least 1 h. Imaging was performed on an Olympus BX 61 WI multiphoton microscope with a Spectra Physics MaiTai DSHP laser.
Gas chromatography and FDC quantification. PP tissue sections were stained for confocal microscopic analysis. Resulting images were analyzed using ImageJ software to identify the perimeter of the FDC network. Mean fluorescence intensity of GL7 + staining within the FDC network was then quantified.
Enzymatic digestion of lymphoid organs.
Single-cell suspensions of LN, PP and spleen were prepared for analysis by flow cytometry. LNs were dissected and incubated at 37 °C in RPMI containing 0.1 mg ml −1 DNase I (Invitrogen), 0.2 mg ml −1 collagenase P (Roche) and 0.8 mg ml −1 dispase (Roche) for 50-60 min, as previously described 37 . Cells were collected in medium containing 2% fetal bovine serum and 5 mM EDTA every 15-20 min and replaced with fresh digestion medium. For PPs, intestines were dissected and washed by lavage with ice-cold PBS. PPs were removed from the intestine and washed in a solution of 2 mM EDTA and 5% dithiothreitol in PBS for 20 min at 37 °C to remove the epithelium. PPs were then enzymatically digested (as with the LNs). For spleen, lymphocytes were extracted from the spleen by mechanical disruption and passage through a 70-μm cell strainer. Red blood cells were lysed with ACK buffer before analysis by flow cytometry.
RNA-seq analysis. For each mouse, 1,000 PP FRCs or HEV ECs were sorted into 5 μl per well of TCL (Qiagen, catalog no. 1031576) buffer containing 1% 2-mercaptoethanol. RNA was isolated using RNAClean XP beads (Agencourt, A63987). Template switching, complementary DNA synthesis and cDNA amplification were adapted from previous studies 38 . Libraries were prepared using the Nextera kit (Illumina). Libraries were sequenced using an Illumina HiSeq yielding, on average, 27.5 million read pairs per sample. RNA-seq data were analyzed using the HTSeqGenie package in BioConductor 39 as follows: first, reads with low nucleotide qualities (70% of bases with quality <23) or ribosomal RNA and adapter contamination were removed. The reads that passed were then aligned to the reference genome GRCh37 using GSNAP 40 . Low-quality reads (1.6-4.3%) were removed. The percentage rRNA contamination ranged from 1.16 to 4.64%. These were also removed. Reads that were uniquely mapped were used for subsequent analysis. Gene expression levels were quantified as reads per kilobase of exon model per million mapped reads normalized by size factor, defined as: the number of reads aligning to a gene in a sample/(total number of uniquely mapped reads for that sample × gene length × size factor). Differential expression analysis was performed using voom/limma 41 .
Tissue preparation for TEM. Segments of intestine roughly 2 cm long and containing at least one PP were excised and tied at either end. The lumen of these intestinal 'loops' were then filled with FGP fixative (2.5% paraformaldehyde, 5% glutaraldehyde, 0.06% picric acid in 0.2 M cacodylate buffer), and the filled loops were then drop-fixed overnight in the same solution. Fixed sections were washed in 0.1 M cacodylate buffer and post-fixed with 1% osmium tetroxide (OsO 4 )/1.5% potassium ferrocyanide (K 4 Fe(CN) 6 ) for 1 h, washed in water three times and incubated in 1% aqueous uranyl acetate for 1 h, followed by two washes in water and subsequent dehydration in grades of alcohol (10 min each; 50%, 70%, 90%, 2 × 10 min 100%). The samples were then placed in propyleneoxide for 1 h and subsequently infiltrated overnight in a 1:1 mixture of propyleneoxide and TAAB Epon (Marivac Canada). The following day the samples were embedded in TAAB Epon and polymerized at 60 °C for 48 h. Ultrathin sections (about 60 nm) were cut on a Reichert Ultracut-S microtome, placed onto copper grids, stained with uranyl acetate and lead citrate and examined on a JEOL 1200EX microscope. Images were recorded with an AMT 2k CCD camera.
Tissue preparation for SEM. Samples were fixed for 1-2 d in FGP fixative as described for TEM. Fixed PPs were then subjected to alkali-water maceration by immersion in a 10% aqueous solution of NaOH for 5 d at 20 °C. Samples were then rinsed twice in distilled water for 1 d each, until they became transparent. The alkali-water macerated specimens were then treated with 0.5-1% tannic acid solution for 2-5 h, washed in distilled water for 1 h and immersed in 1% OsO 4 solution for several hours. The specimens were dehydrated in a series of graded concentrations of ethanol and transferred to isoamyl acetate. Samples were then briefly frozen in liquid nitrogen and cracked with a razor blade to expose the inside of the PP for imaging, before immediately re-immersing in 100% ethanol. Specimens were then dried using a Tousimis 931 GL critical-point dryer. The dried specimens were then affixed on aluminum stubs with adhesives, coated with platinum-palladium using an EMS 300T D dual-head sputter coater, and examined by SEM on a Zeiss Ultra55 FESEM.
Conduit analysis.
Mice were gavage fed with 400 μl of FITC-saturated PBS solution 2-4 h before collecting intestine. To examine the effects of blockade of fluid absorption, mice were: (1) gavage fed with 400 μl of FITC-saturated PBS solution with 10% PEG, or (2) gavage fed with FITC in PBS 2 h after gavage treatment with amiloride (0.1 mg kg −1 ). The intestinal lumen was washed by lavage with 10 ml of ice-cold PBS. PPs were then excised and fixed in 4% PFA. Fixed tissues were immersed in 30% sucrose for cryoprotection and then frozen in OCT medium. Thick, 100-μm sections were cut using a cryostat. Sections were imaged by multiphoton microscopy.
Adoptive transfer of lymphocytes. A single-cell suspension of naïve lymphocytes was prepared from spleens from C57BL/6 donor mice and immediately labeled with CellTracker Green CMFDA dye (Thermo Fisher Scientific, catalog no. C2925). Lymphocytes were adoptively transferred to either untreated control, PEG-treated or amiloride-treated recipient mice by retro-orbital injection in 50 μl of sterile saline. Alternatively, lymphocytes were adoptively transferred in sterile saline containing 20 μg of anti-MAdCAM1. For comparison of lymphocytes from untreated control and PEG-treated donor mice, donor splenocytes were similarly collected and labeled, then mixed in a 1:1 ratio before adoptive transfer to recipient mice. For all experiments, mice were euthanized 1 h after adoptive transfer, and PPs and ILNs were collected for analysis. FTY720 treatments. To prevent cell egress, mice were injected with 1 mg kg −1 FTY720 (Fingolimod, R&D Systems) intraperitoneally immediately before the start of treatment with PEG or amiloride. Mice received an additional dose of FTY720 at 48 h and were killed for analysis at 72 h.
Antibody blockade of MAdCAM1. To block lymphocyte interactions with the PP HEV, mice were injected intravenously with 20 μg of anti-MAdCAM (MECA-367). For experiments examining short-term recruitment of adoptively transferred lymphocytes, mice were given a single injection simultaneously with cell adoptive transfer. For experiments examining long-term effects on PP cellularity and antibody response, mice were injected once daily with 20 μg. Last updated by author(s): Aug 19, 2019 Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.
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